Cancer metastasis is the primary cause of high mortality in breast cancer patients. In this study, we loaded an anti-cancer drug, cabazitaxel (CTX), into polymeric micelles (CTX-loaded polymeric micelles, PCMs), and explored their therapeutic efficacy in breast cancer metastasis. The characteristics of PCMs were investigated, and their anti-metastatic efficacy was assessed using in vitro and in vivo evaluations. PCMs had an average diameter of 50.13±11.96 nm with a CTX encapsulation efficiency of 97.02%±0.97%. PCMs could be effectively internalized into metastatic 4T1 breast cancer cells in vitro. CTX (10 ng/mL) or an equivalent concentration in PCMs did not significantly affected the viability of 4T1 cells, but dramatically decreased the cell migration activities. In an orthotopic metastatic breast cancer model, intravenously administered PCMs could be efficiently delivered to the tumor sites, resulting in a 71.6% inhibition of tumor growth and a 93.5% reduction of lung metastases. Taken together, our results verify the anti-metastatic efficacy of PCMs, thus providing an encouraging strategy for treating breast cancer metastasis.
Introduction
Metastasis causes approximately 90% of breast cancer-related deaths, which is the process by which breast cancer cells spread from the primary tumor to establish colonization at distant organs [1] [2] [3] [4] [5] [6] . Breast cancer cells often develop resistance to several treatment approaches, and conventional therapeutic modalities become ineffective in patients with distant metastasis [2] [3] [4] [7] [8] [9] [10] [11] . Over the past 30 years, there has been little evidence of survival improvement in patients with metastatic breast cancer after adjuvant chemotherapy [2, 12] . Worse yet, cancer cells may evolve to acquire special properties that can promote their metastasis to distant sites [2, 8] . Several approved and commonly used anti-cancer drugs, including paclitaxel and sunitinib, have stimulated breast cancer metastasis in preclinical models [4, 13, 14] . Therefore, it is highly desirable to find new strategies for the effective treatment of breast cancer metastasis.
Cabazitaxel (CTX), a semi-synthetic derivative of a natural taxoid, has been approved by the US Food and Drug Administration (FDA) for the treatment of refractory prostate cancer, especially in patients with resistance to docetaxel-based chemotherapy [15] [16] [17] [18] . P-glycoprotein (P-gp), a member of the ATPbinding cassette transporter family of proteins, is responsible for the resistance of taxane in cancer therapy [19] [20] [21] . The primary advantage of CTX is its poor affinity to the overexpressed P-gp, thus enabling its clinical efficacy for treating metastatic prostate cancer following docetaxel-based treatments [18] . This advantage provides a promising opportunity for treating breast cancer metastasis, which has been rarely explored in the literature.
Polymeric micelles, a promising drug-delivery nanovector, have attracted increasing attention in treating cancer metastasis [22] [23] [24] [25] [26] . Polymeric micelles are self-assembled nanocarriers with a hydrophobic core and poly(ethylene glycol) (PEG) hydrophilic shell, which can effectively be used in a large variety of anticancer drugs and can avoid clearance from the blood circulation [27] [28] [29] [30] [31] . Moreover, the nanometer-sized micelles, with sizes of 10-100 nm, can passively accumulate in the tumor site by capitalizing on enhanced permeability and retention (EPR) effects to achieve anti-tumor activities [27, 28, 32] . Small micelles have superior penetration abilities in solid tumors, and they can deliver various chemotherapeutic agents to sites of metastasis after systemic injection [33] [34] [35] , thus promoting their efficacy in suppressing metastasis of many cancer types.
Herein, we report the use of CTX-loaded polymeric micelles (PCMs) to treat breast cancer metastasis. PCMs were prepared from an anticancer drug, CTX, and an amphiphilic polymer of methoxy poly(ethylene glycol)-b-poly(caprolactone) (mPEG-PCL). In this study, the in vitro characterization of PCMs was performed, and cellular uptake in metastatic 4T1 breast cancer cells and in vitro anti-migration activity were measured. Moreover, the inhibitory effects of PCMs on tumor growth and lung metastasis were assessed in an orthotopic metastatic breast cancer model to verify their effectiveness in treating breast cancer metastasis.
Materials and methods

Materials
The amphiphilic polymer of methoxy poly(ethylene glycol)-b-poly(caprolactone) (mPEG 5000 -PCL 6500 ) was provided by Shanghai Leonchem Company (Shanghai, China). CTX was purchased from Shanghai Chemleader Biomedical Co Ltd (Shanghai, China). Sulforhodamine B (SRB) and IR-780 iodide were supplied by Sigma-Aldrich (Shanghai, China). Hoechst 33342 and phalloidin-FITC were purchased from Beyotime Institute of Biotechnology (Jiangsu, China). The distilled water used in the experiments were purified using the Milli-Q water purification system. The 4T1 metastatic breast cancer cell line was supported by Shanghai Cell Bank, Chinese Academy of Sciences (CAS). Cells were incubated in culture media consisting of RPMI-1640 mixed with 10% fetal bovine serum (FBS, Gibco) at 37 °C and 5% CO 2 for further measurement.
Female BALB/c nude mice (18-20 g ) were ordered from the Shanghai Experimental Animal Center (Shanghai, China). The animals were acclimatized at an animal care facility for at least 3 d prior to the experiment. All animal experiments were performed according to the guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of the Shanghai Institute of Materia Medica, CAS.
Preparation and characterization of PCMs
PCMs were prepared from CTX and mPEG-PCL using a typical film hydration/sonication method. In brief, the accurately weighed mPEG-PCL and CTX were dissolved in methanol and mixed in a round flask. The mixed solution was evaporated until it was dry under reduced pressure to form a thin film in the flask (Heidolph Laborata 4000, Germany). Then, the film was dispersed in 2 mL of purified water, and sonicated with a probe (JYD-650L, Shanghai, China) to prepare the PCMs. The terminal concentration of CTX in the PCMs was approximately 1.0 mg/mL. By contrast, blank micelles of mPEG-PCL were prepared using the same procedure as control.
The size distribution and zeta potential values of PCMs were measured by dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZS 90 instrument (Malvern, UK). Likewise, PCM morphology was visualized under a field emission transmission electronic microscope (FE-TEM, Tecnai G2 F20 S-Twin, FEI) after negative staining with phosphotungstic acid solution (2%, w/v, pH 5.5).
The encapsulation efficiency (EE) of CTX in the PCMs and the drug-loading capacity were determined using a highperformance liquid chromatography (HPLC) method. The free drug was separated from the PCMs by an ultrafiltration method (molecular cut-off: 100 000 Da, Millipore) as previously described [36] . The drug level in the filtrate and the PCMs was determined using an Alliance HPLC system (Waters, USA) under the following conditions: column: XBridge (C 18 , 250 mm×4.6 mm, 5 µm); mobile phase: acetonitrile-water (70:30, v/v); flow rate: 1.0 mL/min; and detection wavelength: 230 nm.
The drug release from the PCMs was monitored in phosphate-buffered solution (PBS, pH 7.4). Briefly, 1.0 mL of PCMs was diluted in 5 mL of PBS and incubated at 37 ºC under horizontal shaking (100 r/min, HZ-9611k Thermostatic Oscillator, China). At certain time intervals, samples were collected, and the released drug was separated from the PCMs by ultrafiltration and then analyzed by HPLC, as described above.
Cellular uptake
The cellular uptake of the PCMs was measured in a highly metastatic 4T1 breast cancer cell line. PCMs were labeled with the hydrophobic fluorescence dye IR-780 by physical entrapment. Prior to the measurement, the 4T1 cells were grown on round glass coverslips (Ø 10 mm) in 24-well culture plates at 1×10 4 cells/well and cultured overnight. The fluorescently labeled PCMs were added to each well and incubated for 4 h. By contrast, the nuclei were stained with Hoechst 33342, and actins were counterstained with phalloidin-FITC according to the manufacturer's protocols. Afterwards, samples were detected under a laser confocal scanning microscope (LCSM, Fluoview TM FV 1000, Olympus, Japan).
Cell migration assay
The inhibitory effect of the PCMs on cell migration activity was measured using a transwell mediated migration assay. Briefly, 200 μL of FBS-free RPMI-1640 media with 2×10 5 4T1 cells were added to the upper inserts of the transwell (24-well insert, pore size, 8 μm, Costar, USA), while 600 μL of the culture media with 10% FBS were added to the lower chambers as the chemoattractant. Then, CTX solution, PCMs and blank micelles at equivalent doses of CTX were added to the upper and lower chambers with a terminal CTX concentration of 10 ng/mL. At 24 h after the incubation, the migrated cells were stained with crystal violet solution and imaged under a microscope to evaluate the inhibitory effects on cell migration. By contrast, cells without treatment were used as a negative control.
Cell cytotoxicity
To avoid the interference of cytotoxicity on the anti-migration assay, the cell viability of the 4T1 cells was measured with the sulforhodamine B (SRB) assay [37] . Briefly, the 4T1 cells were seeded in 96-well plates at 3×10 3 cells per well and cultured overnight. Then, CTX, PCMs and blank micelles were added to wells at 10 ng/mL CTX or an equivalent concentration. After 24 h, the cell viability was quantified by SRB assay. By contrast, the untreated cells were used as a negative control.
In vivo distribution of PCMs in tumor-bearing mice
The specific tumor targeting of PCMs was measured in tumorbearing mice. In brief, 100 µL of 4T1 cell suspension (1×10 6 cells) was injected into the right mammary gland of nude mice to induce the orthotopic metastatic breast cancer model. PCMs were fluorescently labeled with hydrophobic IR-780 for in vivo imaging. The fluorescently labeled PCMs were intravenously administered to mice at 1.5 mg/kg. At predetermined time intervals, mice were anesthetized and imaged using an in vivo imaging system (IVIS Spectrum, Perkin-Elmer). Moreover, at 12 h after injection, mice were autopsied, and the major organs were carefully removed. The ex vivo imaging of PCMs was performed.
In vivo therapeutic efficacy on breast cancer metastasis The therapeutic efficacy of PCMs on tumor growth and metastasis was investigated in an orthotopic metastatic breast cancer model as described above. The tumor-bearing mice were randomly divided into three groups, which were administered with saline, CTX solution (10 mg/kg) or PCMs via tail vein injection. The injections were performed every 3 d, four times in total. To monitor the tumor growth profiles, the width and length of the tumors were measured every 3 d from the first injection. At the end of the experiment, the mice were sacrificed, and the tumor tissues were carefully removed, photographed and weighed to calculate the inhibitory effects on tumor growth. Meanwhile, the lungs from each group were collected and stained with India ink to detect metastatic nodules. Afterwards, the lung tissues were photographed, and the visualized metastatic nodules in each lung were counted. The inhibition of lung metastasis was defined as the average number of metastatic nodules in the PCMs-or the CTX-treated group compared with the number in the saline group.
Statistical analysis
All results are expressed as the mean±standard deviation (SD). Statistical analysis was performed using two-tailed Student's t-test. The difference was defined as significant at P<0.05 and very significant at P<0.01.
Results
Preparation and characterization of PCMs
PCMs were fabricated from an amphiphilic diblock polymer of PCL 6500 -PEG 5000 and CTX using the film hydration/sonication method. The particle size distribution of PCMs was measured by DLS analysis, and the morphology was visualized with FE-TEM. The DLS measurements indicated that the PCMs had a hydrodynamic Z-average diameter of 50.13±11.96 nm with a polydispersity index (PDI) of 0.256 ( Figure 1A ) and zeta potential value of -2.03±0.12 mV. Based on TEM observations, the PCMs were nanometer-sized particles, which were smaller than the DLS measurements ( Figure 1B) . This difference could be explained by their different states during the measurements. Moreover, the encapsulation efficiency (EE) and drugloading capacity of the PCMs were evaluated by HPLC analysis. The water-insoluble CTX can be entrapped in polymeric micelles with an EE value of 97.02%±0.97% and drug-loading capacity of 9.73%±0.09%, indicating the efficient encapsulation of CTX in the PCMs. When the PCMs were diluted with phosphate buffer solution (PBS, pH 7.4), the mean diameter barely changed within 24 h. In addition, the cumulative drug release of CTX from the PCMs was less than 5% in PBS (pH 7.4) within 8 h. These results indicated the good stability of the PCMs in PBS (pH 7.4).
In vitro cellular uptake and anti-migration effects 4T1 cells are a highly metastatic breast cancer cell line derived from a mammary tumor of BALB/c mice [38] . The cellular uptake of PCMs in 4T1 cells was visualized under LCSM (Figure 2) . PCMs were labeled with hydrophobic fluorescence dye, IR-780, for observation, which was shown as red fluorescence in the captured images. By contrast, the nuclei were stained with Hoechst 33342 (blue), and the actins were stained with phalloidin-FITC (green). As shown in Figure 2 , the red fluorescence signals could be extensively observed in 4T1 cells, indicating the efficient uptake of the PCMs into metastatic breast cancer cells.
Then, the inhibitory effects of the PCMs on cell migration were evaluated in metastatic 4T1 breast cancer cells. Prior to the experiments, the cell viability of 4T1 cells treated with CTX and PCMs were evaluated at 10 ng/mL to clarify the possible interference of cytotoxicity on their anti-migration activities. As shown in Figure 3A , the 4T1 cells had high viability at 10 ng/mL CTX or an equivalent concentration in PCMs, which would not interfere with the anti-migration assay. Then, the cell migration activities of 4T1 cells treated with CTX, blank 
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Acta Pharmacologica Sinica micelles and PCMs were evaluated by a transwell mediated cell migration assay ( Figure 3B ). The images showed many migrated cells in the control group, which confirmed the highly metastatic features of 4T1 cancer cells. When cells were treated with the blank micelles, cell migration was slightly inhibited, which could be attributed to the inhibition effects on ATP [39, 40] . However, in the CTX-and the PCMs-treated groups with 10 ng/mL CTX, only a few cells migrated across the transwell membrane. Compared with the negative control, the percentages of migrated cells in the CTX-and the PCMstreated groups were only 9.25% and 8.61%, respectively, resulting in more than 90% inhibition of cell migration ( Figure  3B ). As a result, these experimental results effectively indicated the remarkable effects of CTX and PCMs on inhibiting cell migration activities.
In vivo distribution and therapeutic efficacy
The in vivo distribution profiles of the PCMs were monitored in an orthotopic breast cancer model using the in vivo imaging system. PCMs were fluorescently labeled with hydrophobic IR-780 for the evaluations. At predetermined time intervals, the fluorescence signals were recorded, and the captured images were shown in Figure 4 . The fluorescent signals could be readily detected in tumor sites at different time points after injection, and the fluorescence intensity gradually increased with time up to 8.0 h and then decreased by 12.0 h ( Figure  4A ). The ex vivo images had the strongest fluorescence signals in tumor tissue ( Figure 4B ). These results effectively verified the specific accumulation of PCMs in tumor sites, which could potentially contribute to the therapeutic efficacy.
The in vivo therapeutic efficacy of PCMs on tumor growth and metastasis of breast cancer was evaluated in an orthotopic metastatic breast cancer. In our preliminary experiments, the blank micelles showed minimal cytotoxicity toward 4T1 breast cancer cells. The tumor-bearing mice were treated with saline control, CTX solution or PCMs. In the tumor growth profiles (Figure 5A ), the tumor volume was progressively increased with time in the saline control group, but it was considerably suppressed in the CTX-and the PCMs-treated groups. Compared with the saline control, the tumor volume on d 24 was 35.5%±6.2% for CTX and 25.8%±5.8% for PCMs, which indicated that both CTX and PCMs effectively inhibited the tumor growth of metastatic breast cancer. At the final time point, the tumor tissues were removed, photographed ( Figure 5B) , and weighed to calculate the tumor inhibitory rate. As shown in Figure 4C , the tumor weight in the PCMs-treated group was 28.4%±6.4% of the saline group, resulting in a 71.6% inhibi- Moreover, the incidence of lung metastases in metastatic breast cancer was measured to assess the anti-metastasis efficacy. The lung tissues from each group were stained with India ink, and a representative image is shown in Figure 6A . The visualized metastatic nodules in the lungs are denoted as white spots in the captured images. The metastatic nodules could be readily observed in the saline group, but fewer were detected in the CTX-and the PCMs-treated groups ( Figure  6A ). The numbers of macroscopic metastatic nodules from each group were recorded to evaluate the inhibitory effects on breast cancer lung metastases. Compared with the saline control, the incidence of lung metastases significantly decreased to 13.9% with CTX treatment. The average number of lung metastases from the PCMs-treated group was 4.2±1.5, indicating a 93.5% inhibition of lung metastases ( Figure 6B ). Moreover, the average number of lung metastases in the PCMstreated group was only 46.7% of the number in the CTXtreated group (P<0.05). The enhanced suppression of the PCMs on the incidence of lung metastasis could be due to the high distribution in lung tissue ( Figure 4B ). Therefore, PCMs could result in the notable inhibition of lung metastases from breast cancer more effectively than the CTX solution.
Discussion
In the clinic, breast cancer metastasis is the late stage of cancer in which breast cancer cells have disseminated from primary tumor to other parts of the body, such as the lungs, liver, bone and brain [2, 4, 37, 41, 42] . At those locations, they can grow into large aggressive metastatic lesions and directly contribute to the high number of breast cancer-related deaths. Patients with metastatic disease have often been treated with several therapeutic regimens, and the cancer cells have usually developed drug resistance, which can contribute to the ineffectiveness of commonly used chemotherapeutic agents in treating metastatic tumors [2, 7, 8] . Cabazitaxel, which has been synthesized as a dimethyloxy derivative of docetaxel, can eliminate the P-gp affinity characteristics of docetaxel, promoting efficacy against docetaxel-refractory prostate cancer [15, 18] . This primary benefit of CTX would make it attractive for treating breast cancer metastasis. Cell migration activity is directly associated with the ability to metastasize to distant sites [3, 5] . In metastatic 4T1 breast cancer cells, both the CTX solution and the PCMs have remarkable inhibitory effects on cell migration activity. More- over, in vivo evaluations verified that both the CTX solution and the PCMs have notable inhibitory effects on tumor growth and lung metastases. The anti-metastatic efficacy of the PCMs was significantly higher than that of the CTX solution. These results confirmed the effectiveness of CTX for treating breast cancer metastasis. In summary, we successfully fabricated CTX-loaded polymeric micelles, which were characterized as nanometer-sized particles with a mean diameter of 50.13±11.96 nm and an encapsulation efficiency of 97.02%±0.97%. PCMs were effectively taken up by metastatic 4T1 breast cancer cells and then considerably inhibited cell migration activities. Moreover, in the orthotopic metastatic breast cancer model, PCMs efficiently accumulated in the tumor sites after injection. Treatment with PCMs resulted in a 71.6% inhibition of tumor growth and a 93.5% suppression of lung metastases. Therefore, the use of CTX-loaded polymeric micelles is an encouraging strategy for treating breast cancer metastasis. 
